In very low birth weight (VLBW) infants, acute renal impairment (ARI) is common, but there is no consensus about criteria for its diagnosis. Neutrophil gelatinase-associated lipocalin (NGAL) is an early and sensitive indicator of renal impairment in experimental animals, children, and adults. Urinary NGAL (UNGAL) is detectable in VLBW infants; however, there is no reference range in this population. The objective of this study is to define the reference range for UNGAL in VLBW infants with no risk factors for acute renal impairment. UNGAL concentration was determined in urine samples collected from day of life (DOL) 4 through DOL 30 in 50 newborns with uncomplicated clinical courses, selected from a total of 145 prospectively enrolled appropriate for gestational age inborn VLBW premature infants. The birth weight and gestational age ranges were 790-1490 g and 26 -33 wk, respectively. The median, 95th and 99th percentiles, and range of pooled UNGAL values were 5 ng/mL, 50 ng/mL, 120 ng/mL, and 2-150 ng/mL, respectively. Greater variability and higher quantile levels of UNGAL were observed in females versus males. In conclusion, a reference range for UNGAL in VLBW infants, similar to that in children and adults, has been established. (Pediatr Res 66: 528-532, 2009) 
I
n older children and adults, serum creatinine concentration ([SCreat]) has been widely used as a marker of glomerular filtration rate (GFR) and, thus, of acute renal impairment (ARI). In the very low birth weight (VLBW) infant, however, renal impairment cannot be defined by an absolute value of [SCreat] . [SCreat] initially reflects maternal creatinine concentration. The ultimate steady-state value of [SCreat] and the time required to reach it are related to infant muscle mass and GFR, both of which are inversely related to gestational age. In VLBW infants with normal renal function, [SCreat] increases during the first 3-5 d of life, then declines slowly over the next few weeks to reach a steady state. Thus, when the diagnosis of renal impairment is based on [SCreat] rather than measurement of GFR, renal impairment must be defined as an abnormal change in [SCreat] for gestational and postnatal age (1) (2) (3) (4) . [SCreat] is also relatively insensitive to acute changes in renal function and is a poor early marker of ARI. These complexities in the interpretation of [SCreat] values have led to the search for an acutely sensitive, more easily interpreted indicator of renal impairment in VLBW infants.
Hypotension, hypovolemia, hypoxemia, perinatal asphyxia, and acidosis can cause ARI, as can complications of mechanical ventilation, umbilical artery/vein catheterization, and the administration of vasoactive or nephrotoxic medications (5) (6) (7) . Sequelae of intrinsic ARI include chronic renal failure, glomerular and/or tubular dysfunction, cortical scarring or atrophy, papillary necrosis, nephrocalcinosis, arterial hypertension, and impaired renal growth (6) . Prevention of associated morbidity and mortality depends upon the rapid diagnosis of ARI and prompt treatment of the underlying cause(s).
Neutrophil gelatinase-associated lipocalin (NGAL) has been shown to be a sensitive, early indicator of intrinsic renal failure in experimental animals, children, and adults. NGAL is a 25 kD protein member of the lipocalin family of proteins. NGAL exists in two separate body pools-a systemic pool and a renal pool (8, 9) . In the systemic pool, NGAL is normally expressed at very low concentrations in many organs, as well as in neutrophils and macrophages. NGAL expression is up-regulated by infection, inflammation, ischemia, and neoplastic transformation. NGAL may also serve an important anti-bacterial function by competing for iron, an important bacterial nutritional requirement (10) . Circulating NGAL is captured by megalin in the proximal tubule; thus, very little (0.1-0.2%) is found in urine.
Urinary neutrophil gelatinase-associated lipocalin (UNGAL), representing the renal pool, consists of NGAL produced by the renal tubules, not filtered NGAL. UNGAL production is upregulated acutely in the thick ascending limb of Henle and collecting ducts in the postischemic kidney in mouse models (8, 9) . Importantly, UNGAL has been shown to be an early marker of acute intrinsic renal injury due to ischemia and nephrotoxins in animal models (11) (12) (13) (14) , after cardiopulmonary bypass and renal transplantation in adults and children (15) (16) (17) (18) , and during the acute phases of kidney injury associ-ated with contrast administration, hemolytic-uremic syndrome, and lupus nephritis (19 -21) .
NGAL has also been shown to play an important role in kidney development. In embryonic rodent kidneys, it is expressed by the ureteric bud and stimulated by hepatocyte growth factor. NGAL, in association with iron, is sufficient for the conversion of mesenchymal cells into tubular epithelial cells, having promigratory and probranching effects. Suppression of NGAL expression results in increased cyst formation by tubular cells in vitro (22) (23) (24) .
It is of interest to know whether UNGAL may also be an early indicator of renal impairment in the premature infant, given the difficulties of making this diagnosis. However, the UNGAL reference range in VLBW neonates has not been defined. Its role in renal development raises the possibility that the reference range in premature infants may differ from that in adults and children. In a previous article involving 22 VLBW infants with uncomplicated clinical courses, a preliminary reference range of UNGAL concentration was established based on urine samples collected weekly (25) . By adding a larger number of infants with daily urine collections to this initial group, this study aims to refine the reference range for UNGAL concentration in VLBW infants who have uncomplicated clinical courses and no risk factors for ARI and to determine whether this reference range varies with gestational and/or postnatal age. Of 145 infants enrolled in the study, 50 (20 during period 1 and 30 during period 2) had uncomplicated clinical courses. An uncomplicated clinical course was defined by absence of the following conditions: prenatal maternal ACE inhibitor or indomethacin therapy; perinatal asphyxia resulting in base excess more negative than Ϫ10 mM within the first 12 h of life; grade 3/4 intracranial hemorrhage (IVH); FiO 2 requirement Ն50% beyond 48 h age or mechanical ventilation at any age; clinical sepsis (consistent signs plus treatment with antibiotics Ն5 d) or culture (blood, CSF, or urine) proven infection; NEC (pneumatosis intestinalis on x-ray or surgical confirmation); therapy with indomethacin, ibuprofen, or amphotericin; any surgery; renal impairment [for infants Ն27-wk gestation, a sustained (48 h) increase in [SCreat] Ն0.3 mg/dL at any point; for infants Ͻ27-wk gestation, a Ͼ0.3 mg/dL rise in [SCreat] during day of life (DOL) 1-4 or a sustained (48 h) increase in [SCreat] Ն0.3 mg/dL on ՆDOL 5]; or patent ductus arteriosus requiring treatment. Furosemide, if used, was given only as a single dose after blood transfusions. Although brief episodes of self-limited apnea/bradycardia/ desaturation were common in many of these infants, none of them required intervention with positive pressure ventilation. Echocardiograms were performed at entry and then weekly to evaluate for patent ductus arteriosus by a neonatologist (EP, SLN) and reviewed by a pediatric cardiologist. Adjudication of infants who qualified as having an uncomplicated clinical course was performed by a team that included two neonatologists and a neonatal fellow (EP, JML, TKH) who were blinded to UNGAL measurements. [SCreat] was determined according to the clinical needs of each infant: frequency ranged from daily to weekly. In all, there were 450 [SCreat] determinations between days 4 and 30 for the 50 infants with uncomplicated clinical courses.
METHODS

Subjects
Urine collection and UNGAL analysis. A total of 706 bagged urine samples were obtained prospectively from 50 newborns with uncomplicated courses, starting on DOL 4 and continuing through DOL 30. During period 1, a total of 75 urine samples were collected weekly, and during period 2, a total of 631 urine samples were collected daily. The percent collection yield (actual number of specimens collected/number expected) was 75% (75/100) during period 1 and 75% (631/840) during period 2. Collection yield was higher for males (74% overall) compared with females (70% overall), but the difference in these rates was not statistically significant (p ϭ 0.12).
Urine was centrifuged within 24 h of collection and the supernatant stored at Ϫ80°C. Urine was analyzed by a single laboratory using consistent methodology throughout the study. Ten microliters of urine was immunoblotted using nonreducing Laemmli buffer, 4 -15% gradient, polyacrylamide gels (Bio-Rad), and primary antibodies (1:1000; Antibody Shop, Gentofte, Denmark). Recombinant human NGAL was used to create a standard curve of immunoblots (0.2-5 ng), reproducible to 0.4 ng/lane with an intra-and inter-assay variation Ͻ5%. Immunoreactivity was confirmed using polyclonal antibodies. The assay yielded discrete UNGAL concentrations of 2 ng/mL, 5 ng/mL, 10 ng/mL, 15 ng/mL, 20 ng/mL, etc.
Statistical analysis. Mean, median, 95th, and 99th quantiles of pooled UNGAL samples were determined collectively and separately for male and female infants. The Maritz-Jarrett estimate (26) of SE of median values was calculated and compared with an estimate derived from bootstrap simulations (S-Plus software, version 6.2, Insightful Corporation, Seattle, WA). Because these two estimates usually agreed closely, only the bootstrap estimates are reported. Under the assumption that UNGAL concentration has an underlying log-normal distribution, we also report geometric means and SDs. We explored the relationships between UNGAL concentration and gender, gestational age, postnatal age, study period, and collection site using repeatedmeasures mixed-effects regression models. Regression coefficients from these models, indicating the rate of change in log(UNGAL) with covariates, correspond to percent changes in UNGAL (27) . Repeated measures mixed-effect models using [SCreat] as the dependent variable and postnatal age and gender as covariates were also constructed to examine how [SCreat] changed over time.
RESULTS
Patient characteristics.
The study sample is characterized in Table 1 . There were no significant differences between males and females.
UNGAL quantiles. The median, 25th, 75th, and 95th quantiles, and range of pooled UNGAL concentrations were 5 ng/mL, 2 ng/mL, 10 ng/mL, 50 ng/mL, and 2-150 ng/mL, respectively. The pooled geometric mean and mean ϩ 2 SDs for UNGAL values were 6.5 and 54.5 ng/mL, respectively. Table 2 provides the median, 95% CI, and 95th and 99th percentiles of pooled UNGAL concentrations as well as UNGAL concentrations by gender. UNGAL concentrations were lower and less variable in males than in females, as shown in Figure 1 . Within gender, UNGAL quantiles were similar across study period and location. Regression models. In multiple linear, mixed-effects regression models incorporating gestational age, gender, collection location, study period, and postnatal age within subject, UNGAL concentration in VLBW infants with uncomplicated clinical courses declined by 1.33% (95% CI: Ϫ2.39, Ϫ0.27; p ϭ 0.013) for each day of postnatal age and declined by 17.8% for each week of increasing gestational age (95% CI: Ϫ28.6, Ϫ7.51; p ϭ 0.002; see Table 3 ). Declines of similar magnitude were noted in separate models for males and females, although CIs were wider and p-values less significant for females. Male UNGAL concentrations were 79% lower than female concentrations (p Ͻ 0.0001). There were no significant gestational age-postnatal age and genderpostnatal age interactions when these terms were introduced into the models. 
DISCUSSION
This is the third report of UNGAL concentrations in VLBW infants (25, 28) . Compared with previous reports, the strengths of this study are a larger patient population, the daily urine collections for the first month of life in a portion of the study population, and exclusion of VLBW infants with complicated courses. This report provides normative UNGAL concentrations, further refining the preliminary data from a study of 22 infants with uncomplicated clinical courses that we previously reported (25) . No patients Ͻ26-wk gestation or birth weight Յ750 g in this sample had uncomplicated clinical courses. Thus, these normative data may not be applicable to the extremely premature or extremely low birth weight infant. These normative data are similar to normative UNGAL concentrations in children and adults (16, 18, 21, 29, 30) .
In this and our previous study (25) , UNGAL is expressed as a concentration rather than per unit of urine creatinine. The existing NGAL literature provides no clear guidance about whether to normalize UNGAL results with urinary creatinine; we found no evidence that normalization improves the interpretability of UNGAL. Normalization requires the collection of additional urine and adds cost to the study. In selected cases, we explored whether unexpectedly high UNGAL values could be explained by unusually concentrated urine, as determined by normalization with urine creatinine, but we found no consistent relationship between UNGAL concentration and urine creatinine concentration that would account for the unexpected UNGAL levels. In work with adults, we have found that the differences in UNGAL levels between normal renal function and intrinsic renal failure are so dramatic that normalization does not enhance specificity (29) .
We used mixed-effects linear regression models to examine the relationship between UNGAL concentration and gestational age at birth, chronological age, and gender, under the assumption that UNGAL concentration has a log-normal distribution. These models account for the within-subject correlations across chronological age. They indicate that UNGAL concentrations decline significantly with increases in both gestational and chronological age, a finding that is consistent with the early expression of NGAL and its role in renal development. Such declines were not seen in similar models in our preliminary report, perhaps because this report included fewer patients and fewer urine samples per patient and provided insufficient power to detect such declines (25) .
Significant differences in UNGAL concentrations between males and females were noted in pooled univariate analyses (Table 2) , in pooled day-by-day data (Fig. 1) , and in regression models (Table 3 ). The reason for these differences is not yet known. Occasional findings of diffuse, nonspecific antibody staining throughout a wide range of molecular weights in western blots of urine samples obtained from females sug- gested that those urine samples may have been contaminated by stool or vaginal secretions, potentially explaining the erratically elevated UNGAL concentrations and increased variance in females compared with males. To explore this hypothesis we performed "spot checks" on several urine samples: we measured urinary myeloperoxidase to test for sample contamination with neutrophils. Analysis of urine samples from a female with visible evidence of contamination and unusually elevated UNGAL concentrations were associated with elevated myeloperoxidase levels. In contrast, no myeloperoxidase or signs of visible contamination in urine samples were found in males with uncomplicated clinical courses.
Clearly, spot checks do not settle whether the female-male difference is due to contamination, to some biologic difference in renal function between the sexes, or to a combination of the two. The significant effect of gender in the mixed-effects regression analyses indicates that the higher level and increased variability of UNGAL in females is either related to gender itself or, alternatively, that sample contamination is common enough in females to confound the gender term. Concurrent [SCreat] measurements, which would not be subject to contamination, also seemed to indicate that males and females had differing renal function; however, in contrast to UNGAL, this difference disappeared in the mixed-effect regression models, suggesting that it was a property of individual babies and unrelated to gender. Further investigation into the source of the observed gender differences is needed. For now we would emphasize that, given the practical difficulties of urine collection in preterm newborns, male and female babies deserve separate sets of UNGAL norms.
Finally, the question arises whether or not the differences between males and females, as well as those observed across the gestational and chronological age ranges of the study, are clinically relevant. Our preliminary examination of UNGAL concentrations from infants who experienced complications suggests that these concentrations are orders of magnitude higher than those from infants without complications. Thus, variations by gender, gestational age, and postnatal age, although biologically interesting, may be unimportant if the purpose of UNGAL analysis is to provide an early marker for renal impairment.
In conclusion, in this study of 50 VLBW infants with uncomplicated courses and without risk factors for renal impairment, we have established the reference range of UNGAL concentration. These normative data are similar to normative UNGAL concentrations for older children and adults. Because we identified no patients Ͻ26-wk gestation or birth weight Յ750 g with uncomplicated clinical courses, our reference range may not be applicable to such infants. The higher values and increased variability of UNGAL concentrations in urine from females may be due to sample contamination; however, further investigation is required to explore possible biologic explanations for this finding. † Percent change is equivalent to 100 ϫ (estimate of regression coefficient)/per unit of parameter. ‡ Main effect gender term was removed from gender-separate models. When included (as above*), it indicates that UNGAL values for males are 79% lower than those of females, controlling for day of life, gestational age, study period, and study location.
